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Expression of Ca2-Permeable AMPA
Receptor Channels Primes Cell Death
in Transient Forebrain Ischemia
AMPA receptor channels (Hollmann et al., 1991; Hume
et al., 1991). Nearly 100% of GluR2 mRNA is edited at
the so-called Q/R site at codon 607, where an arginine
(R) codon replaces the genomic glutamine (Q) codon
(Sommer et al., 1991; Verdoorn et al., 1991; Burnashev et
ShuHong Liu,1,3 Lorraine Lau,1,3 JianShe Wei,1,3
DongYa Zhu,1 Shengwei Zou,2 Hong-Suo Sun,1
YangPing Fu,1 Fang Liu,2 and YouMing Lu1,*
1Department of Physiology and Biophysics
Faculty of Medicine
University of Calgary al., 1992). AMPA receptor channels in most CA1 neurons
contain this edited form of GluR2, GluR2(R), and thus areCalgary T2N 4N1
Canada impermeable to Ca2 entry (Geiger et al., 1995). Recent
studies have shown that transient forebrain ischemia2 Department of Neuroscience
Centre for Addiction and Mental Health reduces both GluR2 mRNA and protein levels in CA1
neurons of the hippocampus (Pellegrini-Giampietro etClarke Division
Toronto, Ontario M5T 1R8 al., 1992; Gorter et al., 1997; Oguro et al., 1999). This
observation led to the “GluR2 hypothesis,” which postu-Canada
lates that reduced GluR2 expression allows Ca2 entry
through AMPA receptor channels, which in turn induces
CA1 pyramidal neuronal death (Pellegrini-Giampietro etSummary
al., 1997).
To experimentally address the GluR2 hypothesis, weCA1 pyramidal neurons degenerate after transient global
ischemia, whereas neurons in other regions of the hippo- generated shutoff-deficient Semliki Forest Virus (pSFV)
vectors to mutagenize synaptic AMPA receptor chan-campus remain intact. A step in this selective injury is
Ca2 and/or Zn2 entry through Ca2-permeable AMPA nels in the hippocampus of adult rats in vivo. Taking
advantage of whole-cell patch-clamp recordings, wereceptor channels; reducing Ca2 permeability of AMPA
receptors via expression of Ca2-impermeable GluR2(R) provide direct evidence that reduced expression of the
GluR2 gene following transient forebrain ischemia in-channels or activation of CRE transcription in the hip-
pocampus of adult rats in vivo using shutoff-deficient duces Ca2 and/or Zn2 entry through AMPA receptor
channels in vulnerable CA1 pyramidal neurons. Expres-pSFV-based vectors rescues vulnerable CA1 pyrami-
dal neurons from forebrain ischemic injury. Conversely, sion of Ca2-impermeable GluR2(R) channels using
pSFV-based vectors blocked Ca2 permeability ofthe induction of Ca2 and/or Zn2 influx through AMPA
receptors by expressing functional Ca2-permeable AMPA receptor channels and rescued vulnerable CA1
pyramidal neurons from delayed neurodegeneration fol-GluR2(Q) channels causes the postischemic degener-
ation of hippocampal granule neurons that otherwise lowing global ischemia. In contrast to CA1 pyramidal
neurons, granule neurons in the hippocampus are insen-are insensitive to ischemic insult. Thus, the AMPA re-
ceptor subunit GluR2 gates entry of Ca2 and/or Zn2 sitive to ischemic injury (Pulsinelli et al., 1982; Schmidt-
Kastner and Freund, 1991; Wang et al., 2003), and AMPAthat leads to cell death following transient forebrain
ischemia. receptor channels in these cells are Ca2 impermeable
(Geiger et al., 1995). Hence, we expressed functional
Ca2-permeable GluR2(Q) channels in hippocampalIntroduction
granule neurons and found that these neurons degener-
ated following transient forebrain ischemia. Our resultsTransient forebrain ischemia induces a selective pattern
of neuronal loss in the central nervous system (CNS). demonstrate that Ca2 and/or Zn2 entry through Ca2-
permeable AMPA receptor channels determines neu-As a result, certain identifiable subsets of neurons, in-
cluding CA1 pyramidal neurons in the hippocampus, corti- ronal sensitivity to ischemic insult.
cal projection neurons in layer 3, and spiny neurons in
the dorsolateral striatum, are severely damaged, whereas Results
others remain intact (Pulsinelli et al., 1982; Schmidt-
Kastner and Freund, 1991; Wang et al., 2003). This selec- GluR2(R) Expression Blocks Ca2 Permeability
tive neuronal injury is Ca2 and/or Zn2 dependent (Choi, of AMPA Receptor Channels In Vivo
1988; Choi and Koh, 1998) and likely reflects the activa- To block Ca2 and/or Zn2 entry through AMPA receptor
tion of Ca2-permeable alpha-amino-3-hydroxy-5-methyl- channels in vulnerable neurons, we expressed the
4-isoxazolepropionic acid (AMPA) receptor channels GluR2(R) gene tagged with enhanced green fluorescent
(Pellegrini-Giampietro et al., 1992; Gorter et al., 1997; protein (GFP) in the rat hippocampus using pSFV vectors
Oguro et al., 1999; Weiss and Sensi, 2000). (Figures 1A–1E). The pSFV-GluR2(R)-GFP infectious
AMPA receptors are a major subtype of glutamate particles (2 l of 1010 infectious units/ml) were infused
receptors (GluRs) that are assembled in the CNS from into each side of the rat hippocampus 24 hr before
GluR1, -2, -3, and -4 subunits (Hollmann and Heinemann, administering transient forebrain ischemia (see the Ex-
1994). The GluR2 subunit dictates Ca2 permeability of perimental Procedures). Fluorescence imaging estab-
lished that GluR2(R)-GFP fusion proteins were ex-
pressed in neurons 24 hr after infusion (Figures 1D*Correspondence: luy@ucalgary.ca
3These authors contributed equally to this work. and 1E).
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Figure 1. Expression of Exogenous Ca2-
Impermeable GluR2(R)-GFP Channels in the
Adult Rat Hippocampus In Vivo
(A) Schematic of the Ca2-impermeable
GluR2(R) channels.
(B) Current response of a HEK293 cell ex-
pressing homomeric GluR2(R)-GFP channels
that was exposed to 300 M L-glutamate in
high-Na or high-Ca2 extracellular solution
at a holding potential of 60 mV.
(C) I-V curves during the steady state of cur-
rents recorded from HEK293 cells expressing
homomeric GluR2(R)-GFP channels in high-
Na (filled circles; n  24) or high-Ca2 (open
circles; n  28) solution.
(D) Representative fluorescence image of a
hippocampal section from a rat 1 day after
infection with pSFV-GluR2(R)-GFP.
(E) A higher magnification is shown for pyra-
midal neurons in the CA1 area.
(F) (Left) Sample traces of EPSCsAMPA from neu-
rons in hippocampal slices from sham and 12hI
(12 hr after ischemia) animals that were infected
with pSFV-GFP or pSFV-GluR2(R)-GFP. The
membrane potentials were of60 mV and40
mV, respectively. EPSCsAMPA were evoked in
the presence of 100 M AP-5 and 10 M bicu-
culline and completely blocked by 10 M
CNQX. (Right) I-V curves for EPSCsAMPA in CA1
pyramidal neurons from sham (n  12) and
12hI animals that were infected with pSFV-
GFP (filled circles; n 12) or pSFV-GluR2(R)-
GFP (open circles; n  12).
(G) Summary of the rectification index
(mean  SEM; *p  0.01 compared with
sham).
Electrophysiological measurements were used to de- blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX).
These data are consistent with previous reports thattermine whether functional GluR2(R)-GFP subunits were
delivered to CA1 pyramidal synapses. AMPA receptor AMPA receptor channels in CA1 pyramidal neurons con-
taining GluR2(R) display a linear I-V relation of EPSCsAMPAchannels containing the GluR2(R) subunit show a linear
I-V relation, whereas the receptors lacking GluR2(R) dis- (Hayashi et al., 2000; Shi et al., 2001). In contrast to
sham rats, little outward EPSCAMPA was recorded at 40play inward rectification (Verdoorn et al., 1991; Jonas
and Burnashev, 1995). GluR2 mRNA and protein are mV in neurons from 12hI animals (Figure 1F), showing
that EPSCsAMPA in CA1 pyramidal neurons from 12hI ani-reduced in rat CA1 pyramidal neurons 12 hr after tran-
sient forebrain ischemia (12hI animals; Pellegrini-Giam- mals are inwardly rectifying. The rectification index, de-
fined as the EPSCAMPA conductance at 40 mV dividedpietro et al., 1992). Hence, whole-cell patch-clamp re-
cordings were performed in vulnerable CA1 pyramidal by that at 60 mV, varied between 0.8 and 1.4 for CA1
pyramidal neurons from sham rats (average  0.98 neurons in hippocampal slices from 12hI rats. Sham-
operated animals served as controls. Excitatory post- 0.06; n  12) as compared with a range of 0.11 to 0.42
(average  0.21  0.034; n  12; p  0.01) for 12hI ratssynaptic currents mediated by AMPA receptor channels
(EPSCsAMPA) were evoked by stimulating the Schaffer- (Figures 1F and 1G). The inwardly rectifying I-V relation
that was found in these 12hI neurons was reversed whencollateral fibers in the presence of 100 M 2-amino-5-
phosphono-valeric acid (AP-5) and 10 M bicuculline. the animals were infected with the pSFV-GluR2(R)-GFP
vector, and the rectification index for EPSCsAMPA rangedIn CA1 pyramidal neurons from sham rats, inward and
outward EPSCsAMPA were detected at 60 mV and 40 from 0.96 to 1.58 with an average of 1.07  0.21 (n  12;
p  0.01 as compared with 12hI animals infected withmV, respectively (Figure 1F), and both currents were
AMPA Receptors in Forebrain Ischemia
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Figure 2. Blocking Ca2 Permeability of
AMPA Receptor Channels Rescues Vulnera-
ble CA1 Neurons in Rats after Transient Fore-
brain Ischemia
(A) I-V relations for EPSCsAMPA in high-Na or
high-Ca2 extracellular solution at membrane
potentials from 80 to 80 mV in CA1 pyra-
midal neurons of sham (n  8) and 12hI rats
that were infected with pSFV-GluR1-GFP
(n  10) or pSFV-GluR2(R)-GFP vectors (n 
10). Traces taken at holding potentials of
60, 40, 40, and 60 mV.
(B) Summary of the PCa/PNa ratio (mean 
SEM; *p  0.01 compared with sham).
(C and D) Representatives of hippocampus
(top) and CA1 area (bottom) from sham (n 
8) and 6dI animals that were infected with
pSFV-GluR1 (n  10) or pSFV-GluR2(R) (n 
10) were stained with Fluoro-Jade (green; [C])
and NeuN (red; [D]). Data are summarized in
the bar graph (mean  SEM; *p  0.01 com-
pared with sham). Arrows indicate cells with
pyknotic morphology.
control [pSFV-GluR1-GFP] vectors; Figures 1F and 1G). As the pSFV-GluR2(R)-GFP vector, the reversal potential
of EPSCsAMPA shifted from 1.4  0.5 mV to 42.1 controls for the vectors, pSFV constructs lacking GluR2(R)
(pSFV-GFP) or expressing GluR1 (pSFV-GluR1-GFP) were 11.1 mV upon switching from a high-Na to high-Ca2
solution. The PCa/PNa value was calculated as 0.089 infused in the hippocampus. Neither control changed
the rectification of the EPSCsAMPA (Figures 1F and 1G). 0.014 (n  10; p  0.1 as compared with sham; Figures
2A and 2B). In total, these data show that AMPA recep-These data suggest that exogenous GluR2(R)-GFP but
not GluR1-GFP can be delivered to CA1 pyramidal syn- tors in CA1 pyramidal neurons from 12hI rats exhibit a
rectifying I-V relation that is associated with high Ca2apses in rats that had been subjected to transient
global ischemia. permeability and that expression of GluR2(R)-GFP
blocks Ca2 and/or Zn2 entry through these AMPA re-To investigate possible functional consequences of
GluR2(R)-GFP incorporation into AMPA receptor chan- ceptor channels.
nels in CA1 pyramidal neurons, we estimated the Ca2
permeability (PCa/PNa) of AMPA receptor channels (see Expression of GluR2(R) Rescues CA1 Pyramidal
Neurons from Ischemic Injurythe Experimental Procedures). In high-Na extracellular
solution, the reversal potential of EPSCsAMPA in CA1 pyra- To investigate the neuronal protective effect of blocking
Ca2 and/or Zn2 entry through AMPA receptors, hippo-midal neurons was 0.8  0.2 mV for sham and 1.9 
0.3 mV for 12hI rats (Figure 2A). When a high-Ca2 extra- campal sections were stained with Fluoro-Jade and
NeuN to detect degenerating and surviving neurons,cellular solution (Na free) was used, the reversal poten-
tial shifted to 43.6  6.3 mV for sham (n  8) but did respectively (Wang et al., 2003). Consistent with previ-
ous reports that CA1 neurons are gradually lost 3 daysnot change for 12hI animals (1.60.21 mV; p0.1; n
10; Figures 2A and 2B). Based on the reversal potential following ischemic insult (3dI rats; Pulsinelli et al., 1982;
Schmidt-Kastner and Freund, 1991; Koh et al., 1996;shifts, the calculated PCa/PNa ratio was 0.081  0.01 (n
8) for sham and 1.43  0.18 (n  10; p  0.01) for 12hI Wang et al., 2003), most neurons had degenerated in
6dI animals (6 days after ischemia; 368  49 Fluoro-animals (relative to control [pSFV-GluR1-GFP] vectors;
Figures 2A and 2B). These data indicate that, at negative Jade-positive cells/0.2 mm2; n  10; Figure 2C), and
very few undamaged neurons remained (31  6 NeuN-membrane potentials, relatively large inward Ca2 cur-
rents were activated in CA1 pyramidal neurons from positive cells/0.2 mm2; n  8; Figure 2D). This severe
neuronal injury was observed only in 6dI animals in-12hI animals. In 12hI rats that had been infected with
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Figure 3. Expression of Exogenous Ca2-
Permeable GluR2(Q) Channels in the Adult
Rat Hippocampus In Vivo
(A) Schematic of the Ca2-permeable GluR2(Q)
channels.
(B) Current response of a HEK293 cell ex-
pressing Ca2-permeable GluR2(Q)-GFP
channels exposed to 300 M L-glutamate in
high-Na or high-Ca2 extracellular solution
at a holding potential of 60 mV.
(C) I-V curves during the steady state of cur-
rents recorded in HEK293 cells expressing
homomeric GluR2(Q)-GFP channels in high-
Na (filled circles; n  22) or high-Ca2 (open
circles; n  22) extracellular solution.
(D) Representative image of a hippocampal
section from a rat 1 day after infection with
pSFV-GluR2(Q)-GFP. Higher magnifications
are shown for granule cells in the dentate
gyrus (DG) and pyramidal cells in the CA1
area.
(E) Sample traces of EPSCsAMPA from granule
neurons in hippocampal slices of sham and
12hI animals that were infected with pSFV-
GluR1-GFP (n  6) or pSFV-GluR2(Q)-GFP
(n  6). The membrane potentials were 60
mV and 40 mV.
(F) Summary of the rectification index
(mean  SEM; *p  0.01 compared with
pSFV-GluR1-GFP).
(G) Averaged normalized EPSCAMPA ampli-
tudes from granule neurons in hippocampal
slices from sham and 12hI animals that were
infected with pSFV-GluR1-GFP (open circles;
n  6) or pSFV-GluR2(Q)-GFP (filled circles;
n  8). The horizontal bar above the graph
indicates the period during which 5 M
NHPP-spermine was applied. Error bars
are SEM, and the traces are taken from a
representative experiment at the time points
indicated by the letters in the graph.
fected with pSFV or pSFV-GluR1 control vectors, and and 3F), indicating that GluR2(Q)-GFP expression did
not change the basal excitatory synaptic strength insignificantly less damage was observed in animals in-
fected with pSFV-GluR2(R) vectors (46 8 Fluoro-Jade- these neurons. These results are consistent with previ-
ous reports showing that GluR2(Q) is delivered to syn-positive cells/0.2 mm2 and 349 43 NeuN-positive cells/
0.2 mm2; n 10; p 0.1 as compared with sham; Figures apses (Hayashi et al., 2000; Shi et al., 2001). However,
EPSCsAMPA in the dentate granule cells expressing2C and 2D). Together, our data suggest that GluR2(R)
expression inhibits Ca2 permeability of AMPA receptor GluR2(Q)-GFP displayed pronounced inward rectifica-
tion relative to control neurons (rectification index waschannels, thereby protecting vulnerable CA1 pyramidal
cells from ischemic injury. 0.19  0.03 and 1.12  0.23 for neurons expressing
GluR2(Q)-GFP or GluR1-GFP, respectively; p  0.01;
Figures 3E and 3F).GluR2(Q) Induces Ca2 Permeability in AMPA
Receptor Channels AMPA receptors containing the GluR2(Q) subunit can
also be distinguished by selective blockade with exoge-Transient forebrain ischemia in rats induces cell death
in the CA1 region but not in the dentate gyrus of the nous polyamines (Washburn and Dingledine, 1996;
Mainen et al., 1998; Oguro et al., 1999; Kumar et al.,hippocampus (Pulsinelli et al., 1982; Schmidt-Kastner
and Freund, 1991; Wang et al., 2003). To examine if the 2002). When N-(4-hydroxyphenylpropanoyl)-spermine
(NHPP-spermine) (5 M) was applied to granule neuronsonset of Ca2 permeability of AMPA receptor channels
imparts sensitivity to ischemic neuronal injury in the expressing GluR2(Q)-GFP, EPSCsAMPA at 60 mV were
blocked by 82%  9% as compared with only 14% dentate gyrus, the Ca2-permeable GluR2(Q) channel
was expressed in the dentate granule neurons in vivo 3% in control neurons (n  6; p  0.01; Figure 3G).
Consistent with this pharmacological profile, dentateusing pSFV-GluR2(Q)-GFP vectors (Figures 3A–3D). The
mean amplitude of EPSCsAMPA at 60 mV in dentate granule neurons from rats infected with pSFV-GluR2(Q)-
GFP vectors yielded a greater PCa/PNa value (1.68 0.21;granule cells expressing GluR2(Q)-GFP did not differ
from the pSFV-GluR1-GFP control vectors (Figures 3E n  9) as compared with those infected with control
AMPA Receptors in Forebrain Ischemia
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Figure 4. Expression of Ca2-Permeable
AMPA Receptor Channels Induces Granule
Cell Death Following Transient Forebrain
Ischemia
(A) I-V relations for EPSCsAMPA from granule
neurons of 12hI rats that were infected with
pSFV-GluR1-GFP (n  8) or pSFV-GluR2(Q)-
GFP (n  9) in high extracellular Na or Ca2
solutions at membrane potentials from 80
to 80 mV; and sample traces taken at hold-
ing potentials of60,40,40, and60 mV.
(B) Summary of the PCa/PNa ratios (*p  0.01
compared with pSFV-GluR1-GFP).
(C and D) Representatives of hippocampus
(top) and dentate granule cell layer (bottom)
from sham (n  8) and 6dI animals that were
infected with pSFV-GluR1 (n  8) or pSFV-
GluR2(Q) (n  10) were stained with Fluoro-
Jade (green; [C]) and NeuN (red; [D]). Data
are summarized in the bar graph (mean 
SEM; *p  0.01 compared with sham). Note
that neurons in the dentate gyrus and CA3
area of the 6dI rat that was infected with the
pSFV-GluR2(Q) vectors degenerated.
(pSFV-GluR1-GFP) vectors (0.078  0.012; n  8; p  NeuN-positive cells/0.2 mm2; n 8; Figures 4C and 4D).
Similar to the results observed in the dentate gyrus,0.01; Figures 4A and 4B). These results demonstrate
that exogenous GluR2(Q)-GFP subunits are delivered neurons expressing GluR2(Q) channels in the CA3 area
of the hippocampus of rats 6 days after transient globalto synapses to form Ca2-permeable AMPA receptor
channels in granule neurons. ischemia degenerated (282  46 Fluoro-Jade-positive
cells/0.2 mm2 as compared with 17  5 NeuN-positive
cells/0.2 mm2; n 10). These experiments are consistentGluR2(Q) Expression Induces Degeneration
of Granule Neurons with observations that CA3 neurons were damaged fol-
lowing reduction of GluR2 gene expression in statusWe next investigated the effects of expressing Ca2-
permeable GluR2(Q)-containing channels on the viability epileptic animals (Friedman et al., 1994).
Next, we examined effects of GluR2(Q) subunits onof hippocampal granule cells. Fluoro-Jade labeling of
hippocampal sections showed that GluR2(Q) expression CA1 pyramidal neurons. In contrast to few damaged
cells in the hippocampus of rats infected with the pSFV-did not cause granule cell injury even at 6 days postin-
fection with pSFV-GluR2(Q) vectors in the absence of GluR1 control vectors, most CA1 neurons expressing
GluR2(Q) subunit in the hippocampus of rats 3 daysischemic insult (Figure 4C), indicating that the formation
of Ca2-permeable AMPA receptor channels alone has after transient global ischemia (3dI animals) were lost
(see Supplemental Figure S1A at http://www.neuron.no pathological effect. This finding is consistent with a
recent report that introduction of GluR2(Q) cDNA into org/cgi/content/full/43/1/43/DC1). These results confirm
earlier findings that expression of Ca2-permeablethe hippocampus by liposome-mediated gene transfer
produces no neuronal lesions in the absence of ischemic AMPA receptor channels increases the sensitivity of
neurons to ischemic insult (Oguro et al., 1999; Tanakainsults (Anzai et al., 2003; but also see Oguro et al.,
1999). In contrast to the results with control animals, et al., 2000; Anzai et al., 2003).
most granule cells in the dentate gyrus of 6dI rats in-
fected with pSFV-GluR2(Q) degenerated (332  54 Flu- Expression of Constitutively Active VP16-CREB
in the Hippocampus In Vivooro-Jade-positive cells/0.2 mm2 versus 24  7 NeuN-
positive cells/0.2 mm2; n  10; Figures 4C and 4D). Signaling cascades initiated by the transcription factor
cAMP response element binding protein, or CREB, areFurthermore, few degenerated neurons were observed
in the dentate gyrus of 6dI animals that were infected involved in cell survival-related gene expression (Ghosh
et al., 1994; Bonni et al., 1999; Riccio et al., 1999; Manta-with the pSFV-GluR1 control vectors (18  3 Fluoro-
Jade-positive cells/0.2 mm2 as compared with 426  72 madiotis et al., 2002), which regulates GluR2 promoter
Neuron
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Figure 5. Expression of VP16-CREB Res-
cues GluR2 Expression in Postischemic
Neurons
(A) A representative image of the CA1 area
from a rat 1 day after infection with pSFV-
VP16-CREB-GFP. Higher magnification is
shown for CA1 pyramidal neurons.
(B) Immunoblots of CA1 extracts from rats
that were infected with pSFV alone (lane 1)
or 12 hr (lane 2), 24 hr (lane 3), or 48 hr (lane
4) after infection with pSFV-VP16-CREB or
pSFV-VP16-CREBL287. Similar data were ob-
tained in each of four experiments.
(C) Nuclear extracts infected with pSFV-
VP16-CREB (n  6) but not pSFV-VP16-
CREBL287 (n  6) bound to 32P-labeled CRE
oligonucleotides (mean  SEM; *p  0.01).
(D) RT-PCR analysis and immunoblots of
GluR2 and GluR1 mRNAs (left) and the corre-
sponding proteins (right). CA1 extracts from
rats that were infected with pSFV (lane 1),
pSFV-VP16-CREBL287 (lane 2), or pSFV-VP16-
CREB (lane 3). Similar data were obtained in
each of five experiments.
(E) GluR2 and GluR1 mRNAs in CA1 neurons
of sham rats following intrahippocampal in-
jection of forskolin or infection with VP16-
CREB vectors in the presence () or absence
() of actinomycin D. Similar data were ob-
tained in each of four experiments.
(F) Traces taken at holding potentials of 60
mV and40 mV. Summary of the rectification
index in the bar graph (mean  SEM; *p 
0.01).
(G) I-V relations for EPSCsAMPA in CA1 pyrami-
dal neurons from 12hI rats that were infected
with pSFV-VP16-CREBL287 (n  10) or pSFV-
VP16-CREB (n  10) in high-Na (filled cir-
cles) or high-Ca2 (open circles) extracellular
solution; and traces taken at holding poten-
tials of 60, 40, 40, and 60 mV. Sum-
mary of the PCa/PNa ratios in the bar graph
(*p  0.01).
activity (Brene et al., 2000). Ischemic insult reduces pSFV-VP16-CREBL287. The extracts were then incubated
with a 32P-labeled CRE dsDNA oligonucleotide and im-CREB activity in CA1 pyramidal neurons (Walton et al.,
1996; Tanaka et al., 1999). Hence, a constitutively active munoprecipitated with anti-VP16 (see the Experimental
Procedures). Neurons that were infected either with theCREB, VP16-CREB, was expressed to recover GluR2
expression in vulnerable CA1 neurons following tran- pSFV-VP16-CREB or with the pSFV-VP16-CREBL287 vec-
tors contained VP16-immunoreactive proteins. Comparedsient forebrain ischemia. VP16-CREB was expressed in
the hippocampus of rats in vivo using pSFV-VP16- to VP16-CREB, VP16-CREBL287 showed little affinity to
the CRE oligonucleotide probe (Figure 5C), confirmingCREB-GFP vectors (Figure 5A). As a control, a chimeric
gene was generated that contained the VP16 transacti- that VP16-CREB but not VP16-CREBL287 binds to CRE
sequences when expressed in neurons.vation domain linked to a dominant-negative mutant of
CREB (CREBL287, VP16-CREBL287-GFP), in which argi-
nine287 was changed to leucine, a mutation that prevents VP16-CREB Expression Blocks Ca2 Permeability
of AMPA Receptor Channelsendogenous CREB binding to CRE sequences within
the promoters of CREB-targeted genes (Walton et al., Following the expression of VP16-CREB, GluR2 mRNA
and protein levels in 12hI rat CA1 neurons increased to1992). In case of animals infected with GFP-free vectors
(pSFV-VP16-CREB or pSFV-VP16-CREBL287), both above control level (Figure 5D), demonstrating that
CREB activation rescues GluR2 gene expression in vul-VP16-CREB and VP16-CREBL287 were detected by im-
munoblotting with anti-VP16 of samples taken 1 day nerable CA1 neurons of 12hI animals. Interestingly, ex-
pression of VP16-CREBL287 did not alter GluR2 mRNAafter infection with the vectors (Figure 5B), demonstra-
ting that these proteins are rapidly expressed in the rat and its protein levels in CA1 hippocampus of sham con-
trol rats. This finding indicates that, even though activa-hippocampus in vivo.
To examine the CRE binding of VP16-CREB and VP16- tion of CREB produced increase of GluR2 protein levels,
the basal transcription activity of CREB in adult hippo-CREBL287, cultured neuronal nuclear extracts were pre-
pared 24 hr postinfection with pSFV-VP16-CREB or campus did not tonically upregulate GluR2 gene expres-
AMPA Receptors in Forebrain Ischemia
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sion. Thus, we suggest that expression of GluR2 in CA1 Fluoro-Jade-positive cells/0.2 mm2 [n 6], as compared
with 19  3 Fluoro-Jade-positive cells/0.2 mm2 in 3dIneurons of the hippocampus following transient global
ischemia requires activation of CREB transcription. Sim- rats infected with pSFV-VP16-CREB [n  8]; see Sup-
plemental Figure S1B at http://www.neuron.org/cgi/ilar to the results observed with VP16-CREB, increased
GluR2 mRNA levels in CA1 neurons were detected 6 hr content/full/43/1/43/DC1). Neuronal damage in the CA3
area and the dentate gyrus of 3dI rats that were infectedfollowing intrahippocampal infusion of 1 l forskolin (1
mM in 99% artificial cerebrospinal fluid [ACSF]/1% di- with pSFV-VP16-CREB-GluR2(Q) was also detected
(data not shown). Thus, these experiments indicate thatmethyl sulfoxide [DMSO]), which activates cAMP-CREB
pathway (Figure 5E). Importantly, this enhanced GluR2 CREB activation protects vulnerable neurons in the rat
hippocampus from forebrain ischemia.gene expression was abolished by application of 1 l
actinomycin D (5 g in 1 l 0.9% NaCl applied 2 hr
before forskolin; Figure 5E). Inhibition of Ca2 Permeability of AMPA Receptor
Subsequently, we analyzed the biophysical properties Channels Prevents Cdk5 Activation
of AMPA receptor channels. In sham control rats, rectifi- Our previous studies showed that ischemic insults acti-
cation index in CA1 pyramidal neurons was unchanged vate cyclin-dependent kinase 5 (Cdk5), which is respon-
(Figure 5F), even though GluR2 mRNA and its protein sible for selective degeneration of CA1 neurons (Wang
levels were increased following expression of VP16- et al., 2003). Given that the AMPA receptor antagonist
CREB (Figures 5D and 5E). These data agree with earlier CNQX prevents Cdk5 activation (Wang et al., 2003), we
reports that GluR2 subunit did not form homomeric re- tested whether Cdk5 activation following transient fore-
ceptor channels in vivo (Shi et al., 2001). EPSCsAMPA in brain ischemia is mediated by Ca2 and/or Zn2 entry
neurons from 12hI rats that were infected with pSFV- through Ca2-permeable AMPA receptor channels. CA1
VP16-CREB vectors exhibited a linear I-V relation in extracts were prepared from sham and 12hI rats. Immu-
high-Na extracellular solution (Figures 5F and 5G), and noblots of the extracts showed substantial accumula-
the reversal potential shifted from 0.8  0.3 mV tion of the Cdk5 activator, p25, in 12hI rats infected with
to 47  7.3 mV (n  8) following the switch from high- pSFV-GluR1-GFP but not pSFV-GluR2(R)-GFP vectors
Na to high-Ca2 solution (Figure 5G). The PCa/PNa ratio (Figure 7A). A similar diminution of p25 was also ob-
in CA1 pyramidal neurons expressing VP16-CREB was served in 12hI rats infected with pSFV-VP16-CREB-GFP
0.091  0.016 (n  10) as compared with 1.44  0.18 vectors (Figure 7A). To determine if inhibition of p25
in neurons expressing VP17-CREBL287 in 12hI rats (n  accumulation is associated with absence of Cdk5 acti-
10; p  0.01) and 0.086  0.014 in sham animals (n  vation, Cdk5 activity was estimated using an immune
8; p  0.1). These data demonstrate that the expression complex kinase assay. Cdk5 activity was elevated in
of VP16-CREB inhibits Ca2 permeability of AMPA re- CA1 extracts from 12hI rats infected with the control
ceptor channels in vulnerable CA1 pyramidal neurons (pSFV-GluR1-GFP or pSFV-VP16-CREBL287-GFP) vec-
of rats following transient forebrain ischemia. tors (3.8-fold higher than sham; Figure 7B). However,
no such increase was detected in 12hI CA1 neurons
expressing GluR2(R)-GFP or VP16-CREB-GFP. TheseVP16-CREB Expression Protects CA1 Pyramidal
results suggest that a blockade of Ca2 entry throughNeurons from Ischemia
AMPA receptor channels prevents Cdk5 activation inTo investigate whether VP16-CREB expression is pro-
CA1 neurons following transient forebrain ischemia.tective, degeneration of hippocampal neurons was ana-
Our previous data have shown that activation of Cdk5lyzed in 6dI rats. The majority (91%) of CA1 neurons
following transient global ischemia enhances NMDA re-degenerated in 6dI rats that were infected with the con-
ceptor function and in turn induces CA1 pyramidal celltrol pSFV-VP16-CREBL287 vector (Figure 6A). In contrast,
death (Wang et al., 2003). We next determined whethermost CA1 neurons survived in 6dI animals that were
Ca2 entry through AMPA receptor channels is responsi-infected with the pSFV-VP16-CREB vector (48  8 Flu-
ble for Cdk5 regulation of NMDA receptors in vulner-oro-Jade-positive cells/0.2 mm2; n 7; Figure 6B), dem-
able CA1 pyramidal neurons. The mean amplitudes ofonstrating that VP16-CREB expression rescues CA1 py-
EPSCsNMDA at a holding potential of 50 mV in 12hI ratsramidal neurons in rats after forebrain ischemic insult.
that were infected with pSFV-GluR1-GFP and pSFV-VP16-CREB may activate other target genes of CREB
GluR2(R)-GFP vectors were 48  0.37 pA and 26  0.23in addition to the GluR2 gene. This possibility was inves-
pA, respectively (n  5; p  0.01; Figure 7C). Thesetigated by coexpressing VP16-CREB and GluR2(Q) us-
results indicate that inhibition of Ca2 permeability ofing pSFV-VP16-CREB-GluR2(Q) (Figure 6C). For this
AMPA receptor channels by expressing GluR2(R)-GFPstudy, pSFV-VP16-CREB-GluR2(R) served as a control.
abolished ischemia-induced potentiation of NMDA re-CA1 pyramidal neurons from 12hI rats infected with
ceptors in CA1 pyramidal neurons.pSFV-VP16-CREB-GluR2(Q) exhibited inwardly rectify-
ing EPSCsAMPA (Figure 6D) and a PCa/PNa ratio of 1.62 
0.18 (n  8) as compared with 0.098  0.012 (n  8) in Discussion
animals infected with pSFV-VP16-CREB-GluR2(R) (Fig-
ure 6E). This finding suggests that coexpression of Ca2 permeability of AMPA receptors is dictated by the
edited GluR2 subunit (Hollmann et al., 1991; Hume etVP16-CREB and GluR2(Q) is unable to block Ca2 entry
in CA1 pyramidal neurons from 12hI rats. Similar to the al., 1991; Sommer et al., 1991; Verdoorn et al., 1991;
Burnashev et al., 1992). This property allowed us toexperiments with expression of GluR2(Q) channels, severe
neuronal damage was observed in the CA1 area of 3dI directly investigate the role of signaling through the
GluR2-gated AMPA receptor channels in selective neu-rats infected with pSFV-VP16-CREB-GluR2(Q) (349  48
Neuron
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Figure 6. Activation of CREB Rescues Vul-
nerable CA1 Neurons from Injury by Express-
ing the GluR2 Subunit
(A) Representatives of hippocampus (top)
and CA1 area (bottom) from sham (n  7)
and 6dI animals that were infected with pSFV-
VP16-CREBL287 (n  7) or pSFV-VP16-CREB
(n  7) stained with Fluoro-Jade.
(B) Summary of the Fluoro-Jade-labeled cells
(mean  SEM; *p  0.01 compared with
sham).
(C) A representative image of the CA1 area
from the rat hippocampus 1 day after infec-
tion with pSFV-VP16-CREB-GluR2(Q)-GFP.
Higher magnification is shown for CA1 pyra-
midal neurons.
(D and E) Summary of the rectification index
(D) and PCa/PNa ratios (E) in CA1 pyramidal
neurons from sham (black bars; n  8) and
12hI rats that were infected with pSFV-VP16-
CREB-GluR2(R) (open bar; n  8) or pSFV-
VP16-CREB-GluR2(Q) (red bar; n 8; mean
SEM; *p  0.01 compared with sham).
(F) Representatives of hippocampus (top) and
CA1 area (bottom) from sham and 6dI animals
that were infected with pSFV-VP16-CREB-
GluR2(R)orpSFV-VP16-CREB-GluR2(Q)stained
with Fluoro-Jade. Note that neurons in the
dentate gyrus and CA3 area of the 6dI rats
that were infected with pSFV-VP16-GluR2(Q)
vector degenerated.
(G) Summary of the Fluoro-Jade-labeled cells
in the CA1 area from sham (black bars; n 10)
and 12hI rats that were infected with pSFV-
VP16-CREB-GluR2(R) (open bar; n  10) or
pSFV-VP16-CREB-GluR2(Q) (red bar; n 10;
mean  SEM; *p  0.01 compared with
sham).
ronal injury resulting from transient forebrain ischemia. synapses via shutoff-deficient pSFV-based vectors trig-
Specifically, we blocked Ca2 and/or Zn2 entry through gers Ca2 impermeability in AMPA receptor channels
Ca2-permeable AMPA receptor channels by expressing and in turn protects vulnerable CA1 pyramidal neurons
the GluR2(R) gene, resulting in the rescue of vulnerable from forebrain ischemia. Thus, our experiments provide
CA1 neurons from forebrain ischemic injury. In vivo, hip- direct evidence that the induction of Ca2 permeability
pocampal granule neurons express normal levels of in AMPA receptor channels primes cell death following
GluR2 and survive in experimental models of ischemia transient global ischemic insult. The GluR2 hypothesis
(Wang et al., 2003). Here, we expressed Ca2-permeable is challenged, however, by the fact that hippocampal
GluR2(Q) channels in hippocampus. Our data demon- GABAergic interneurons are less sensitive to ischemic
strate that the induction of Ca2 and/or Zn2 entry injury, even though they express AMPA receptors that
through AMPA receptor channels leads to degeneration lack GluR2 subunits (Pulsinelli et al., 1982; Schmidt-
of neurons in the rat CA3 area and the dentate gyrus Kastner and Freund, 1991; Wang et al., 2003). It may
that had been subjected to transient global ischemia. therefore be argued that compensatory changes in the
Thus, the GluR2 subunit controls Ca2 and/or Zn2 sig- expression of Ca2 binding proteins and/or transporters
naling in ischemic injury and plays an essential role in may occur during brain development in GluR2/ mice
selective neuronal death. or in GABAergic neurons. Consistent with this notion is
our observation that acutely expressed functional Ca2-
permeable GluR2(Q) channels induce postischemic de-The GluR2 Hypothesis in Forebrain Ischemia
generation of granule neurons in the dentate gyrus andThe GluR2 hypothesis was proposed based on a causal
neurons in the CA3 area that are otherwise not vulnera-relationship between CA1 pyramidal cell injury and re-
ble to transient forebrain ischemic insult (see Supple-duced GluR2 gene expression following transient fore-
mental Figure S1 at http://www.neuron.org/cgi/content/brain ischemia. (Pellegrini-Giampietro et al., 1992; Oguro
full/43/1/43/DC1). Thus, the present work directly dem-et al., 1999). Our studies demonstrate that synaptic
onstrates that Ca2 and/or Zn2 entry through Ca2-AMPA receptor channels in vulnerable CA1 pyramidal
permeable AMPA receptor channels is sufficient to pro-neurons lack functional GluR2 subunits, as evidenced
mote neuronal vulnerability following forebrain isch-by their inwardly rectifying I-V relation of EPSCsAMPA fol-
emic insult.lowing transient forebrain ischemia. Delivering exoge-
nously expressed GluR2(R) subunits to CA1 pyramidal Similar to our results that were observed with express-
AMPA Receptors in Forebrain Ischemia
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(Jia et al., 1996; Hu et al., 2001), it is likely that expression
of Ca2-permeable AMPA receptor channels alone is
not toxic to the hippocampus. However, an earlier study
reported that antisense knockdown of GluR2 expression
induced pyramidal cell loss in the CA1 and CA3 areas
of the gerbil hippocampus (Oguro et al., 1999). This
report, however, does not illustrate changes of Ca2
permeability in vulnerable neurons following antisense
injection. A possible explanation for the discrepancy
between the study using GluR2 antisense injection and
those involving GluR2(Q) gene expression is that neu-
ronal vulnerability in rats may not be identical to that in
gerbils. In support of this idea are the data that a single
injection of GluR2 antisense in rats does not damage
CA1 pyramidal neurons (Tanaka et al., 2002). Further, it
has been known that Ca2-permeable AMPA receptor
channels are not only permeable to Ca2 but also highly
permeable to Zn2 (Weiss and Sensi, 2000; Yin et al.,
2002). Considering the results that a brief ischemic insult
in rats induces Zn2 accumulation in vulnerable CA1
neurons (Koh et al., 1996), we suggest that expression
of Ca2-permeable AMPA receptor channels provides a
route for toxic Zn2/Ca2 entry (Koh et al., 1996; Weiss
and Sensi, 2000; Yin et al., 2002).
Our data demonstrate that expression of Ca2-perme-
able GluR2(Q) channels in the hippocampus induces
postischemic degeneration of granule cells in the den-
tate gyrus and pyramidal neurons in the CA3 area that
otherwise survive in the presence of ischemic insult. An
earlier work showed, however, that the dentate granuleFigure 7. GluR2(R) Subunit Gates Harmful Ca2 and/or Zn2 Sig-
cells that are treated with GluR2 antisense oligonucleo-naling
tides remain intact (Oguro et al., 1999). In this study,(A) Inhibition of Ca2 permeability of AMPA receptor channels pre-
reduced GluR2 mRNA levels in the dentate gyrus re-vents p25 accumulation. Cell lysates from sham and 12hI rats that
were infected with pSFV-GluR1-GFP, pSFV-GluR2(R)-GFP, pSFV- turned to normal levels 24 hr after antisense injection.
VP16-CREBL287-GFP, or pSFV-VP16-CREB-GFP were immunopre- Thus, it is likely that this transient reduction of GluR2
cipitated with anti-cdk5 and then probed with antibody C-19 against mRNA did not sufficiently reduce the subunit abundance
p25. The results are summarized in the bar graph (mean  SEM;
in the dentate granule cells and thus failed to changen  4; *p  0.01).
Ca2 permeability of AMPA receptor channels.(B) Inhibition of Ca2 permeability of AMPA receptor channels blocks
cdk5 activation. Representative assay of CA1 immunoprecipitates
from sham and 12hI rats that were infected with pSFV-GluR1-GFP, Edited GluR2 Reduces Harmful Ca2/Zn2 Influx
pSFV-GluR2(R)-GFP, pSFV-VP16-CREBL287-GFP, or pSFV-VP16-CREB- in Vulnerable Neurons
GFP is shown on the top, and the data are summarized in the bar
Our previous study showed that transient forebrain isch-graph (mean  SEM; n  4; *p  0.01). Histone H-1 (H-1) served
emia results in the phosphorylation of the NR2A subunitas an exogenous substrate.
of NMDA receptors at serine-1232 (phospho-Ser1232) in(C) Traces before (0) and after (1) application of 100 M AP-5 re-
corded in CA1 pyramidal neurons from sham or 12hI rats that were rat CA1 neurons in vivo, which is catalyzed by Cdk5
infected with pSFV-GluR1-GFP or pSFV-GluR2(R)-GFP vectors. (Wang et al., 2003). Furthermore, inhibition of endoge-
Summary of the EPSCsNMDA in the bar graph (*p  0.01). nous Cdk5 or perturbation of the cdk5-NR2A interaction
(D) Induction of Ca2-permeable AMPA receptor channels primes
by expressing a C-terminal peptide of the NR2A subunitcell death. AMPA receptor channels in CA1 pyramidal neurons nor-
abolishes phosphorylation of NR2A Ser1232 and protectsmally contain the GluR2(R) subunits and thus are Ca2 impermeable.
CA1 pyramidal neurons from ischemic insult (Wang etFollowing transient forebrain ischemia, GluR2(R) levels in CA1 neu-
rons decrease, resulting in Ca2 and/or Zn2 entry through AMPA al., 2003). Prolonged activation of Cdk5 requires the
receptor channels. The subsequent p25 accumulation leads to pro- cleavage of the Cdk5 activator protein p35 to p25 by
longed activation of Cdk5, which phosphorylates the NR2A subunit calpain in CA1 neurons (Lee et al., 2000). Calpain is a
of NMDA receptors at Ser1232, thereby inducing further Ca2 entry
Ca2-dependent protease that is expressed in the CNS.through NMDA receptor channels, leading to cell death.
Interestingly, blocking AMPA receptor channels inhibits
p25 accumulation and hence Cdk5 activation (Wang et
al., 2003). Consistent with this, our data in the presenting Ca2-permeable GluR2(Q)-containing channels, a re-
cent report shows that delivery of GluR2(Q) cDNA into report showed that selectively blocking Ca2 permeabil-
ity of AMPA receptor channels by expressing GluR2(R)the hippocampus by liposome-mediated gene transfer
does not damage nerve cells in the absence of ischemic gene prevented Cdk5 activation and NMDA receptor
channel potentiation from ischemic insult (Figure 7A).insults (Anzai et al., 2003). Given that mutant mice lack-
ing the GluR2 gene (GluR2/) display the normal com- Thus, we propose the following working model for a
GluR2-gated signaling cascade underlying selectiveplement of pyramidal neurons in the CA1 and CA3 areas
Neuron
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neuronal injury (Figure 7C). Transient forebrain ischemia Clinical Implications
Most studies of ischemic injury have focused on theinhibits GluR2 gene expression and thus induces Ca2
and/or Zn2 entry through GluR2-lacking AMPA receptor putative role of excessive stimulation of glutamate re-
ceptors (reviewed in Lipton, 1999; Goldberg et al., 1987).channels. The initial rise in Ca2 and/or Zn2 in neurons
activates calpain, which leads to p25 accumulation, However, all clinical trails using receptor antagonists
directed at either AMPA or NMDA receptors have failed,thereby effecting prolonged activation of Cdk5. Acti-
vated Cdk5 then enhances NMDA receptor channel ac- because these antagonists also block the action of glu-
tamate in the physiology of noninjured neurons (Davistivity, resulting in death of neurons. Because reduced
GluR2 expression occurs only in vulnerable CA1 neu- et al., 1997; Morris et al., 1999; Lees et al., 2000; Ikonomi-
dou and Turski, 2002). Our studies selectively targetedrons but not in other areas of the hippocampus, induc-
tion of Ca2-permeable AMPA receptor channels may the pathological effects of AMPA receptors by inhibiting
the Ca2 permeability of AMPA receptor channels exclu-be considered as a primary intracellular event that dic-
tates neuronal vulnerability following transient fore- sively, leaving Ca2-impermeable AMPA receptors unaf-
fected. Therefore, this work suggests that GluR2 subunitbrain ischemia.
Besides Ca-permeable glutamate receptor chan- is a promising therapeutic target for stroke. Expression
of Ca2-permeable AMPA receptor channels also in-nels, other ion channels, especially TRPM7, a member
of the transient receptor potential cation channel super- volves selective neuronal vulnerability in amyotrophic
lateral sclerosis (Weiss and Sensi, 2000; Kawahara etfamily (Nadler et al., 2001; reviewed in Montell et al.,
2002), could produce ischemic neuronal damage (Aarts al., 2003, 2004; Van Damme et al., 2002). Thus, it is likely
that a similar therapeutic approach may be applied toet al., 2003). TRPM7 is widely expressed in brain and is
activated by reactive nitrogen species in cortical neu- this disease.
ronal cultures subjected to prolonged oxygen glucose
Experimental Proceduresdeprivation (Aarts et al., 2003). Activation of TRPM7
channels possibly permits a further increase of Ca2
Mutagenesis and Viral Gene Expression Vectors
entry in the anoxic injury of neurons. Construction of the shutoff-deficient (one round of RNA replication
but no further production of virus progeny) pSFV gene expression
vectors and packaging of recombinant virions capable of high infec-
tion rate in adult rats in vivo were described previously (Zhu et al.,CREB Activation Regulates GluR2 Expression
2003). GluR2(Q) and CREBL287 were generated from GluR2(R) andOur data show that expression of VP16-CREB allowed
CREB, respectively, using the QuikChange Site-Directed Mutagene-postischemic CA1 neurons to express GluR2, which in
sis Kit (Stratagene, La Jolla, CA). Mutagenesis was verified by se-
turn inhibited Ca2 permeability of AMPA receptor chan- quencing. The GFP coding sequence was fused to the N-terminal
nels that are formed in vulnerable CA1 pyramidal neu- three amino acids downstream of the signal peptide cleavage site
rons following transient forebrain ischemia. It is plausi- of the GluR1 or the GluR2 subunits. Each of the cDNAs encoding
GluR2(Q)-GFP, GluR2(R)-GFP, or GluR1-GFP subunit was thenble that inhibition of CREB permits Ca2 and/or Zn2
cloned to the pSFV-vector to produce the pSFV-GluR2(R)-GFP,entry through GluR2-lacking AMPA receptor channels
pSFV(pd)-GluR2(Q)-GFP, or pSFV-GluR1-GFP constructs. The GFPby turning off GluR2 gene expression. These events
was also fused to the C terminus of the VP16-CREB (a gift from E.
are most likely to occur early during the procession Kandel, Columbia University, NY) or the VP16-CREBL287 vector,
of neuronal death following transient global ischemia. which were then cloned into the pSFV vectors to produce pSFV-
Consistent with this hypothesis are the observations VP16-CREB-GFP and pSFV-VP16-CREBL287-GFP constructs. Acti-
vated virus particles were infused (2 l at 0.2 l/min) into each sidethat forebrain ischemia inactivates CREB in vulnerable
of the hippocampus as previously described (Liu et al., 2003).CA1 neurons (Walton et al., 1996), whereas sustained
The positions of the injection cannulae and virus spread wereconcentrations of pCREBS133, an activated form of
identified after sampling sequential coronal brain sections (30 m).
CREB, and elevated CRE-dependent expression of Fluorescence images revealed that neurons expressing GFP were
BDNF are evident in cells that survive a stroke (Kokaia present over the 4 mm diffusion zone surrounding the injection sites
et al., 1995; Walton and Dragunow, 2000). In the present (see Supplemental Figure S2 at http://www.neuron.org/cgi/content/
full/43/1/43/DC1). Given that most GFP-positive neurons were ob-study, the exact nature of the CREB pathway for neu-
served between0.60 and0.60 mm from the needle track, hippo-ronal survival remains to be determined. Given that the
campal injury was assessed from 20 sequential sections (30 m)protective role of CREB was abolished by expressing
from each side of the needle track for each animal. For electrophysi-
Ca2-permeable GluR2(Q) channels, expression of the ological recordings and biochemical assays, three sequential slices
edited form of GluR2 subunit could be considered as (250 m) were prepared from the needle track for each animal.
one of the CREB signaling pathways in neuronal survival.
Transient Forebrain Ischemia and Cell Death MeasurementsIt has been known that CREB binds to BDNF promoter
Transient forebrain ischemia was induced in rats as described pre-CRE sites and in turn induces expression of BDNF (Shieh
viously (Wang et al., 2003) 24 hr after receiving pSFV-based vectors.et al., 1998; Tabuchi et al., 2002). BDNF acts on the
Briefly, 80 5-day-old Sprague-Dawley rats were used. The bilateral
GluR2 promoter neuron-restrictive silencer element vertebral arteries were exposed, coagulated, and cut completely
(NRSE)/neuronal repressor element-1 silencing tran- 12 hr before the induction of ischemia. Ischemia was induced by
scription factor (REST) (Brene et al., 2000). Recent stud- bilaterally occluding the common carotid arteries with aneurysm
clips for 5 min, after which the clips were removed to restore cerebralies show that transient forebrain ischemia increases ex-
blood flow. We used 5 min occlusion, because over 10 min occlusionpression of REST and in turn suppresses GluR2 gene
often induces nonselective downregulation of GluR1, GluR2, andexpression in the CA1 area of the hippocampus (Calder-
GluR3 proteins in both CA1 and CA3 areas of the hippocampus
one et al., 2003). Thus, it is possible that CREB-depen- (Frank et al., 1995; Kjoller and Diemer, 2000). Body temperature was
dent BDNF expression increases GluR2 promoter activ- maintained at 37C  0.5C with heating pads until the animals
had recovered from surgery. Sham-operated animals were treatedity by inhibiting NRSE/REST.
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identically, except that the carotid arteries were not occluded. The MgCl2, 2 mM MnCl2, 1 mM EDTA, 0.1 mM dithiothreitol (DTT), 10 Ci
of [	-32P]ATP, and histone H-1 (5 mg/ml). Samples were subjectedexperimenter (D.Y.Z) coded all animals that had been subjected to
sham operation or transient global ischemia. Other experimenters to SDS-PAGE (12% gel), and the transferred proteins were either
visualized by autoradiography or immunoblotted using monoclonal(L.L, J.S.W, and S.H.S), who were unaware of the experimental con-
ditions, performed electrophysiological recordings, morphological mouse anti-cdk5 (DC-17; Santa Cruz Biotech) and quantitated using
Densitometer Quantity One (Bio-Rad).staining, cell counting, and biochemical analysis. For each cell type,
all labeled cells within the reticule field (0.05 mm2 at the magnification
used) were counted (determined using the Imaging-Pro Plus, Ver- Preparation of Nuclear Extracts and CRE Binding Analysis
sion 4.5, Media Cybernetics, Inc, MD) throughout the depth of the To examine CRE binding in rats infected with VP16-CREB or VP16-
section for four adjacent fields (beginning at a random starting posi- CREBL287 vectors, the CA1 area was homogenized using 100 l
tion in the CA1 area) of each section. The number of cells was buffer A per sample (Wang et al., 2003). Buffer A contained 10 mM
represented as per 0.2 mm2 in each section. HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF,
Six days after ischemia (6dI), animals were deeply anesthetized and 0.1% (w/v) NP-40. The samples were incubated on ice for 15
and transcardially perfused with 0.9% NaCl saline followed by ice- min and then centrifuged at 1000
 g at 4C for 10 min. The superna-
cold 4% paraformaldehyde in 0.1 M phosphate-buffered saline tant was discarded. The pellet was resuspended in 500 l of buffer
(PBS) as described previously (Wang et al., 2003; Zhu et al., 2003). A lacking NP-40 and was centrifuged at 1000 
 g at 4C for 10 min,
Hippocampal sections (30 m) were processed for NeuN staining and the supernatant was discarded. The pellet was resuspended in
with mouse anti-NeuN (1:1000; Chemicon) and reacted with conju- 100 l TransAm lysis buffer (Active Motif) containing DTT and a
gate-absorbed goat anti-mouse Cy-3 (1:200; Chemicon) to deter- protease inhibitor mixture. The samples were rocked at 4C for 30
mine surviving neurons. The sections were dried overnight for Flu- min and then centrifuged at 14,000 
 g at 4C for 10 min in a
oro-Jade staining to determine degenerated neurons. The slides microcentrifuge. The supernatant (nuclear extract) was collected.
were immersed for 3 min in 100% ethanol, for 1 min in 70% ethanol, Protein concentrations were determined using the BCA protein
and for 1 min in distilled water and then incubated in a solution assay kit (Pierce).
containing 0.01% Fluoro-Jade (Histo-Chem Inc., Jefferson, AR) and CRE binding was examined using the NE-PER kit (Pierce). CA1
0.1% acetic acid (1:10) for 30 min on a shaker. After three 10 min nuclear extract (10 g) was incubated at 25C for 30 min in the
washes, the slides were coverslipped. Labeled sections were visual- presence of the 32P-labeled CRE dsDNA oligonucleotide (5-AGA
ized with a confocal laser-scanning microscope (Olympus LSM- GATTGCCTGGACGTCAGAGCTAG-3). Samples were then immu-
GB200). noprecipitated with anti-VP16 (2 g; Santa Cruz Biotech). Radioac-
tivity in the immunoprecipitates was determined by scintillation
counting.RT-PCR, Immunoblots, and cdk5 Kinase Assay
Total RNA was extracted from the microdissected CA1 area of rats
that suffered either transient forebrain ischemia or a sham operation Electrophysiology
Hippocampal slices (250 m) were prepared from rats as previouslyusing Trizol reagent according to the manufacturer’s instructions
(Sigma, St. Louis, MO), as described before (Wang et al., 2003). The described (Liu et al., 2003; Wang et al., 2003). Slices in the recording
chamber were continuously superfused with artificial cerebrospinalprimers for GluR2 RT-PCR were as follows: forward, 5-CTG
TCCCTTACGTGAGTCCT-3; reverse, 5-CACGCTTGTCTGTAAC fluid (2 ml/min) saturated with 95% O2/5% CO2 at 30C  1C. The
composition of ACSF was 124 mM NaCl, 3 mM KCl, 1.25 mMTCG-3. The PCR amplification began with a 1 min denaturation
step at 95C, followed by 35 cycles of denaturation at 95C for 10 s, NaH2PO4, 1.2 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, and 10 mM
dextrose. For whole-cell patch-clamp recordings (tight seal 10annealing at 64C for 30 s, and extension at 68C for 60 s. PCR
products were separated by electrophoresis through 2% agarose G) from CA1 pyramidal cells, hippocampal slices were visualized
with infrared (IR) illumination and differential interference contrastcontaining 0.5 g/ml ethidium bromide and visualized using a Bio-
Doc-IT imaging system (Bio-Rad, Hercules, CA). Band intensities (DIC) using an Axioskop 2FS equipped with Hamamatsu C2400-07E
optics. The EPSCsAMPA were evoked by stimulation of the Schaffer-were determined using a Bio-Rad GS-710 calibrated imaging densi-
tometer. collateral fibers in the presence of 50 M AP-5 and 10 M bicucul-
line. The location of the stimulus electrode (bipolar tungsten elec-To examine GluR2 protein levels, the CA1 extracts (50 g protein)
were denatured with sodium dodecyl sulfate (SDS) sample buffer trode) was at the Schaffer collateral pathway about 60 m from CA1
pyramidal cell bodies. Stimulus intensities in all experiments wereand separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) through a 12% gel. Proteins were trans- set to 40% of the maximum response of EPSCs, which evoked the
EPSCs of 150 pA at a holding potential of 60 mV. Stimuli wereferred to nitrocellulose membranes using a Bio-Rad mini-protein III
wet transfer unit overnight at 4C. Membranes were then incubated delivered at a frequency of 0.1 Hz. The intracellular solution con-
tained 142.5 mM Cs-gluconate, 7.5 mM CsCl, 10 mM HEPES, 0.2for 1 hr at room temperature with blocking solution: 5% nonfat dried
milk dissolved in the TNT buffer containing 10 mM Tris-HCl, 150 mM EGTA, 2 mM Mg-ATP, and 0.3 mM guanosine triphosphate (pH
7.4; 296 mOsm). The currents were filtered at 5 kHz with a low-passmM NaCl, and 0.1% Tween 20 [pH 7.5]. Membranes were washed
three times and incubated with rabbit anti-GluR2 (1:200; Santa Cruz filter. Data were digitized at a frequency of 10 kHz and stored online
using the pclamp8 system (Axon Instruments, Inc, Foster, CA). TheBiotech, Santa Cruz, CA) for 1 hr at room temperature. Membranes
were washed three times with TNT buffer and incubated with appro- stimulus artifacts in the example traces represented in the figures
were digitally removed. The input resistance and series resistancepriate secondary antibodies for 1 hr followed by four additional
washes. Immunoreactive bands were detected using an enhanced in postsynaptic pyramidal cells were monitored using prevoltage
steps (2 mV; 100 ms) at 5 min intervals throughout the period ofchemiluminescent kit (Amersham Biosciences).
To determine cdk5 activity in rats 12 hr after ischemia (12hI ani- the experiment. Series resistance ranged from 8 to 11 M. Input
resistance was 346  27 M. The PCa/PNa ratio was determinedmals), the CA1 area was microdissected from the rat hippocampus
(Wang et al., 2003) and homogenized in ice-cold lysis buffer con- using the following equation (Lewis, 1979; Iino et al., 1990; Geiger
et al., 1995): PCa/PNa  0.25 Na/Ca {exp[(2VrevCa  VrevNa) F/RT] taining 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% nonidet p40 (NP-
40), 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM sodium exp[(VrevCa  VrevNa) F/RT]}, where PNa and PCa are the permeability to
Na and Ca2, respectively. The Na/Ca are the ion activities of Naorthovanadate and proteinase inhibitor cocktail (Sigma; 5 l/100 mg
tissue). After clearing debris by centrifuging at 14,000 
 g at 4C, and Ca2 in the extracellular solution, and F, R, and T have their
conventional meanings. Activity coefficient was estimated by inter-protein concentrations in the extracts were determined using the
Bradford assay (Bio-Rad). The extracts (500 g protein) were incu- polation of tabulated values (0.75 for NaCl and 0.55 for CaCl2). The
VrevCa and VrevNa values were corrected for liquid junction potentialsbated with polyclonal rabbit anti-cdk5 (C-8; 2 g; Santa Cruz Bio-
tech) overnight at 4C, followed by the addition of 40 l of protein of 8.8 mV and 4.5 mV, respectively. Since the permeability of AMPA
receptor channels to Na shows little difference to K (Otis et al.,G-Sepharose (Sigma) for 3 hr at 4C. Immunoprecipitates were
washed four times with lysis buffer, and beads were then resus- 1995), we assumed that the PNa equals the PK. The high-Ca2 solution
contained 30 mM Ca2Cl2, 105 mM N-methyl-D-glucamine Cl, andpended in kinase buffer containing 20 mM Tris-HCl (pH 7.6), 20 mM
Neuron
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5.0 mM HEPES (pH 7.4); and the high-Na solution contained 135 mRNA encoding AMPA glutamate receptor subtypes following
global cerebral ischemia in the rat. Acta Neurol. Scand. 92, 337–343.mM NaCl, 5.4 mM KCl, 1.0 mM CaCl2, 1.0 mM MgCl2, and 5.0 mM
HEPES (pH 7.4). Complete replacement of the bath solution with Friedman, L.K., Pellegrini-Giampietro, D.E., Sperber, E.F., Bennett,
high-Ca2 solution damaged the cells in the slices (Otis et al., 1995). M.V.L., Moshe, S.L., and Zukin, R.S. (1994). Kainate-induced status
Therefore, High-Ca2 or high-Na solutions were applied directly to epilepticus alters glutamate and GABAA receptor gene expression
recording cells via a double-barrel perfusion pipette attached to a in adult rat hippocampus: an in situ hybridization study. J. Neurosci.
stepper motor with delivery pressure pulses (128 kPa), and the slices 14, 2697–2707.
were continuously superfused with artificial cerebrospinal fluid. We
Geiger, J.R., Melcher, T., Koh, D.S., Sakmann, B., Seeburg, P.H.,
also estimated the PCa/PNa values using the Ca2-free and Mg2-free Jonas, P., and Monyer, H. (1995). Relative abundance of subunit
solution containing 137 mM NaCl, 5.4 mM KCl, and 5 mM HEPES
mRNAs determines gating and Ca2 permeability of AMPA receptors
(pH 7.4). In this case, the PCa/PNa values in CA1 pyramidal neurons in principal neurons and interneurons in rat CNS. Neuron 15,
were estimated to be 0.079  0.019 (n  8) for sham and 1.42 
193–204.
0.18 (n 7) for 12hI rats, comparable to the PCa/PNa values that were
Ghosh, A., Carnahan, J., and Greenburg, M.E. (1994). Requirementestimated using the high-Na solution containing 1 mM Ca2 and
for BDNF in activity-dependent survival of cortical neurons. Science1 mM Mg2. Therefore, effects of additional 1 mM Ca2 and 1 mM
263, 1618–1623.Mg2 in the high-Na solution on the PCa/PNa calculation can be
Goldberg, M.P., Weiss, J.H., Pham, P.C., and Choi, D.W. (1987).neglected. In the experiments shown in Figure 7C, the membrane
N-methyl-D-aspartate receptors mediate hypoxic neuronal injury inpotential was held at 50 mV. The amplitude of EPSCsNMDA was
cortical culture. J. Pharmacol. Exp. Ther. 243, 784–791.calculated at the point 50 ms from the start of stimulus artifacts,
and the amplitude was expressed as the difference before and after Gorter, J.A., Petrozzino, J.J., Aronica, E.M., Rosenbaum, D.M.,
application of 100 M AP-5. Opitz, T., Bennett, M.V., Connor, J.A., and Zukin, R.S. (1997). Global
ischemia induces downregulation of GluR2 mRNA and increases
AMPA receptor-mediated Ca2 influx in hippocampal CA1 neuronsAcknowledgments
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